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The IMS 1280-HR performs high precision dating of both ancient and recent events (e.g. magmatic
processes). Providing high spatial resolution, in situ geochronology (U-Pb, U-Th),  it reveals complexities
that cannot be resolved by bulk analysis methods. The IMS 1280-HR is the instrument of choice for
mineral geochronology, but also for trace element and stable isotope analyses. 
Offering the unique combination of a ﬁeld emission electron column and high-
sensitivity WDS, the SXFiveFE performs high spatial resolution, in situ, non-destructive
dating of minerals and accurate quantitative analysis on all elements.
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High Performance Instruments for
Precise Dating of Geological Events 
Magmatic dating and isotope study of individual crystals from the 
Yellowstone supervolcano: CL images of zircons dated for U-Th ages 
(blue) and U–Pb ages (yellow), and analyzed for oxygen isotope 
compositions (white). Analyzed spots are bounded by dashed ellipses. 
Data from K. E. Watts, I. N. Bindeman, A.K. Schmitt, Contrib Mineral Petrol (2012).
SXFive / SXFiveFE 
CAMECA’s Fifth Generation 
Electron Microprobe
Distribution of Y in a grain from granite of Cournols, France. Dated at 343±20 m.y
by measuring Th, U, Pb and Y along a 20 points linescan across the grain.
Sample courtesy of Dr Guillaume Wille, BRGM, Orléans France.
Left: 2D projection of 70 million atom 3D dataset from a metamorphic
zircon.  Only Y atoms are displayed for clarity. 
Right: the compositional structure of the boundary is revealed with greater
than 50% atomic sensitivity & sub-nanometer three-dimensional resolution.
LEAP® 4000 Atom Probe
Opening New Frontiers of 
Research in Geosciences!
Atom Probe Tomography (APT) is a
powerful elemental and isotopic
analysis technique for the nanoscale
characterization of geological materials.
Y distribution
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Data from D.R. Snoeyenbos et al., Atomic Scale Imaging of U, Th and Radiogenic Pb in Zircon, Goldschmidt 2012.
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Zircon boundary: U, Th and Pb APT line-scans
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Zircon is among the 
premier geochronometers 
described in this issue. 
Illustrated is a Nomarski 
contrast image of an 
acid-etched zircon 
from a 4.03 Ga tonalite 
of the Acasta gneiss 
complex, Canada, with 
ion probe analysis craters 
labeled in millions of 
years (IMAGE COURTESY 
OF SAMUEL A. BOWRING 
AND IAN S. WILLIAMS). 
The background image 
shows zircon crystals 
on matrix from the Kola 
Peninsula (© MORGENSTJERNE 
| DREAMSTIME.COM). 
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The “Age of the Earth” is 
one of the most common 
titles in the geological 
literature, and with good 
reason. The scientific 
and philosophical impli-
cations are immense. 
This issue of Elements is 
devoted to measuring 
geologic time on the 100th 
anniversary of a book 
with this title (Holmes 
1913). The book is a good read—a clear historical 
account, with groundbreaking science that still 
stirs controversy today. It’s available free online.
Arthur Holmes was the fi rst to use radioactivity to 
date a range of rocks, and before Dempster discov-
ered 235U in 1935, Holmes estimated Earth’s age at 
1600–3000 million years (Ma) (Holmes 1927). This 
estimate was not improved on 
until 1953, when Clair Patterson, 
using a more advanced mass 
spectrometer, published the age 
of 4510–4560 Ma, soon refi ned 
to 4550 ± 70 Ma (Patterson 1953, 
1956), in perfect agreement with 
modern estimates (this issue). In 
detail, geochronometers using 
extinct, short-lived isotopes have 
now shown that Earth accreted 
over an interval of time, which is within the 
uncertainty of Patterson’s age (e.g. Halliday 2006). 
There are many excellent accounts of this history 
(Burchfi eld 1975; Dalrymple 1991; Lewis 2000; 
Lewis and Knell 2001).
While most readers of Elements understand that 
geochronology is based on observable data, refut-
able hypotheses, and repeatable tests, the age of 
the Earth, like evolution, continues to be chal-
lenged. Creationist beliefs, which morphed into 
Intelligent Design, are common. Questions of 
faith address issues that are outside the realm of 
science, which deals with what we can observe 
and test. Nevertheless, some politicians pub-
licly proclaim that no one knows the age of the 
Earth, with the implication that modern science 
is wrong, and demands are made to include “sci-
entifi c creationism” in science courses.
The age of the Earth is not controversial among 
scientists. Clear rebuttals to young-Earth advo-
cates include those by Dalrymple (1991) and 
Wiens (2002). The academies of science in 67 
nations have formally concluded that “within sci-
ence courses taught in certain public systems of 
education, scientifi c evidence, data, and testable 
theories about the origins and evolution of life on 
Earth are being concealed, denied, or confused 
with theories not testable by science” and that no 
scientifi c evidence contradicts the age of 4500 Ma 
for Earth or the theory of evolution (IAP 2006). 
If we all agree, why do we need to talk about it?
The question is: how best to explain the age of the 
Earth to nonscientists? We confront this in many 
venues, including education at all levels. Each 
year, at the University of Wisconsin, I ask classes 
of 200 students, “Have you had a discussion with 
someone who thinks the Earth is much younger 
than 4500 million years?”, and about 50% say 
“yes.” I then have 50 minutes to talk about how 
rocks are dated and to compare 4500 Ma with 
earlier estimates. I explain that geochronology is 
based on observable data and that the hypotheses 
are testable, and I encourage students to at least 
look through the windows of clean-labs to see 
people running mass spectrometers. The serious 
students may read this issue of Elements and get 
an appreciation for the depth and complexity of 
determining age, but no fi rst-year student, and 
certainly no younger student, is in the position 
to make these observations themselves. The data 
are observable to specialists running mass spec-
trometers, but not to most others. The scientifi c 
method is less interesting, and far less compel-
ling, when someone can’t make the observations 
themselves. 
Thus we also need to explain 
why the Earth cannot be 6000 
years old using evidence that 
is more easily observed and 
understood by a layperson, 
such as tree rings, varves, 
layers in glacial ice, and rates 
of weathering, erosion, sedi-
ment deposition, and cooling 
of plutons, just to name a few. 
If the Pyramids are still standing after 5000 years, 
how can the Grand Canyon form in 6000? Many 
arguments made by Hutton and Lyell two cen-
turies ago apply today. This brings me back to 
Holmes’s book, which reviews earlier estimates 
and was written at the end of the remarkable 
period before the First World War.
At the end of the 19th century, Lord Kelvin 
famously concluded that Earth formed 20–40 
million years ago based on a simple thermal 
model (Kelvin 1895, 1899). This was disputed by 
geologists, who maintained that more time was 
needed to explain the evolution of Earth or life. 
Kelvin’s (1899) fi nal estimate of 24 Ma old. elicited 
a strong response from T. C. Chamberlin (1899). 
The discussion at that time was far-reaching, 
and included Laplace’s solar nebula hypothesis 
as opposed to the newer idea of planetesimals, 
hot versus cold accretion of Earth, advective heat 
transfer in the mantle, the source of heat in the 
Sun, and the fi rst habitats for life on Earth. Kelvin 
was confi dent in his position because the age of 
the Sun was estimated to be less than 20 Ma, 
based on the assumption that its energy derived 
from chemical reactions or gravitational energy 
during compression. At a time when radioactivity 
was unknown, it was a stretch to conceive of a hot 
Sun more than 20 Ma old. Chamberlin questioned 
nearly all of Kelvin’s assumptions, prophetically 
enquiring:
“Is the present knowledge relative to the behavior 
of matter under such extraordinary conditions as 
obtained in the interior of the sun suffi ciently 
John Valley
TH E AGE OF THE EARTH
“It is perhaps a little 
indelicate to ask of our 
Mother Earth her age.” 
—Arthur Holmes (1913) 
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Cont’d on page 4
exhaustive to warrant the assertion that no unrecognized sources of 
heat reside there? What the internal constitution of atoms may be is 
yet an open question.” (Chamberlin 1899, p 12) 
One wonders how much Chamberlin, a geologist in Chicago, knew of 
the implications of Henri Becquerel’s physics experiments in Paris that 
began with a chance observation just three years earlier.
The decade before Holmes’s book saw extraordinary advances that over-
turned Kelvin’s age of the Earth. Important milestones were Becquerel 
rays (Becquerel 1896), the theory of radioactive decay (Rutherford and 
Soddy 1902), the discovery that radium decay produces heat (Curie and 
Laborde 1903), and the hypothesis of radioactive heating of the Sun 
(Rutherford and Soddy 1903). The discovery of radioactivity provided 
an explanation for an old Sun and is generally credited for the rejection 
of Kelvin’s age. More importantly, however, mantle convection is also 
at odds with Kelvin’s conductive model (Perry 1895; Chamberlin 1899; 
Richter 1986; England et al. 2007). The real importance of radioactivity, 
as laid out by Holmes (1913), was to provide better and well-founded 
techniques of geochronology. This issue of Elements describes impressive 
new capabilities that deserve the attention of Earth scientists, but the 
earlier writings may help you explain them to others. 
John Valley* (valley@geology.wisc.edu)
University of Wisconsin
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THIS ISSUE
This issue takes us on a voyage in time, starting with the discovery of 
radioactivity and carrying us forward to today. We meet the giants the 
fi eld of geochronology is indebted to. We see the challenges that have 
been met and those that lie ahead. We are reminded that for a mineral 
date to have meaning, the context of the mineral analyzed and the 
rock of which it is a constituent must be thoroughly documented. And 
this is an overarching theme of all papers in this issue.
It took me a while to understand the “crisis” mentioned in the Schmitz 
and Kuiper article. After all, 251.2 ±3.4 Ma and 249.98 ±0.2 Ma seemed 
like dates in pretty good agreement. But as geochronology matures and 
instruments allow higher precision, scientists set out to answer ever 
more complex questions. 
While checking facts on the Web, I learned that Rutherford did most 
of the research that led to his Nobel Prize at McGill University in 
Montréal, and that his collaboration with Soddy also started at McGill—
it began as a debate “where we hope to demolish the Chemists,” said 
Rutherford. Read an account of this fascinating encounter at http://
publications.mcgill.ca/headway/magazine/turning-points-a-look-back-
at-how-a-great-debate-led-to-mcgills-fi rst-nobel-prize. 
And if you have only a few minutes to explain the dating of minerals 
in a Geology 101 class, I suggest you download a video produced by 
the EARTHTIME community. Noah McLean, a coauthor in this issue, 
explains his geochronology research in this 4 m 42 s long video, which 
you can access at http://www.youtube.com/watch?v=k9RbnRDx9ts.
Pierrette Tremblay, Managing Editor
INTRODUCING PATRICIA DOVE, 
PRINCIPAL EDITOR 2013–2015
With the start of 2013, Patricia M. (Trish) Dove 
joins the Elements team as a principal editor. Trish 
is the C. P. Miles Professor of Science in the 
Department of Geosciences at Virginia Tech. She 
earned her bachelor’s and master’s degrees at 
Virginia Tech, then her PhD at Princeton, and 
she completed a postdoctoral fellowship at 
Stanford. Trish is one of the outstanding geo-
chemists of her generation. She has made wide-
ranging contributions in the biogeochemistry of 
Earth processes, which includes mineral surface 
processes at the molecular scale, the kinetics of geochemical processes, 
mineral–microbe interactions, and biomineralization. 
Honors she has received include the Clarke Medal of the Geochemical 
Society, the US Department of Energy’s Best University Research Award 
(twice), Geochemical Fellow status jointly from the Geochemical 
Society and the European Association of Geochemistry, and member-
ship in the National Academy of Sciences. She will be awarded the 
Mineralogical Society of America’s Dana Medal in 2014. She has served 
on the Board of Directors of the Geochemical Society and has a strong 
interest in education and communication as well as research. We are 
delighted to have her as a member of the editorial team.
James I. Drever, Principal Editor 2010–2012
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EDITORIAL Cont’d from page 3

Robert A. Berner, Emeritus 
Professor at Yale University, won the 
2013 Benjamin Franklin Medal in 
Earth and Environmental Science of 
the Franklin Institute “for deepening 
our understanding of the Earth system 
through studies of the chemistry of 
geologic processes and their infl uence 
on the atmosphere and oceans.” In his 
55 years of research, Robert Berner has 
tried to show how chemical principles 
can be applied to a wide variety of geo-
logical problems. This includes the mineralogy and thermodynamic 
stability of iron sulfi des and iron oxides, the processes of sedimentary 
pyrite formation, the electrochemistry of modern sediments, calcium 
carbonate chemistry in the oceans, silicate mineral surface chemistry 
during weathering, modeling of biogeochemical changes during early 
diagenesis, the effect of land plants on chemical weathering, and the 
geochemical cycles of carbon, sulfur, and phosphorus. His work has 
led to the development and refi nement of models for the evolution of 
atmospheric oxygen and carbon dioxide over Phanerozoic time. 
Founded in 1824, along with the Franklin Institute, the Franklin 
Institute’s awards program has long been recognized as bestowing the 
oldest and most comprehensive science and technology honor in the 
United States and around the world. Dr. Berner will receive his award 
in April at the Franklin Institute.
J. William Schopf, Distinguished 
Professor of Paleobiology at the 
University of California, Los Angeles, 
is the recipient of the U.S. National 
Academy of Sciences Award in Early 
Earth and Life Sciences, presented this 
year with the Charles Doolittle 
Walcott Medal. Schopf is being hon-
ored for his studies of the microscopic 
fossils that represent the earliest forms 
of life on Earth and for his generous 
and inspirational leadership of large, 
collaborative research groups. These “Precambrian Paleobiology 
Research Groups” have brought together scientists from multiple sci-
entifi c disciplines and focused their efforts to yield new ideas and 
information. Their work has stimulated countless further studies of 
the earliest history of life on Earth. The Walcott Medal is presented 
every fi ve years with a $10,000 prize and recognizes contributions to 
research on Cambrian or Precambrian life. Schopf contributed to the 
Early Earth issue of Elements with an article titled “The First Billion 
Years: When Did Life Emerge?” He will be among the 18 individuals 
recognized by the National Academy of Sciences for their outstanding 
scientifi c achievements in a wide range of fi elds spanning the physical, 
biological, and social sciences. The National Academy of Sciences is a 
private, nonprofi t institution that was established under a congres-
sional charter signed by President Abraham Lincoln in 1863. The year 
2013 marks the 150th anniversary of its creation. 
2012 AGU FELLOWS
Among the 61 individuals 
who were elected as 2012 
Fellows of the American 
Geophysical Union, we 
highlight those who are 
members of one of Elements’ 
participating societies. 
Fellowship is awarded to 
AGU members who have 
made exceptional scientifi c contributions and 
attained eminence in the fi elds of Earth and 
space sciences. The 2102 Fellows were recog-
nized during an honors ceremony at the 2012 
AGU Fall Meeting in San Francisco. 
1 Joel D. Blum, for innovative and 
important contributions in trace metal 
and isotopic geochemistry that have 
signifi cantly advanced understanding 
of Earth processes
2 Janne Blichert-Toft, for being the 
world’s leading geochemist in the 
application of hafnium isotopes to the 
evolution of the Earth and the early 
Solar System
3 Robert H. Byrne, for his ground-
breaking research and scientifi c leader-
ship in the physical chemistry of sea-
water and the global carbon cycle
4 John M. Ferry, for his contributions to 
metamorphic geology and fl uid-mediated 
processes in Earth’s crust
5 Andrew J. W. Gleadow, for pio-
neering contributions to fi ssion-track 
analysis as a tool for geological dating 
and thermotectonic investigations
6 Nicolas Gruber, for his extraordinary 
scientifi c accomplishments and visionary 
leadership in ocean biogeochemistry 
research and education
7 George W. Luther III, for his pio-
neering research in redox reactions, trace 
element speciation, and the development 
of novel in situ electrochemical methods
8 Kenneth H. Nealson, for his pio-
neering work and leadership in the fi elds 
of geomicrobiology and geobiology 
and for his qualities as an inspirational 
mentor and creative scientist
9 Yuji Sano, for his studies of volatile 
isotopes of volcanic and environmental 
systems, and for his invention and appli-
cation of ion microprobe U–Pb dating 
of apatite
10 Jane Selverstone, for elucidating the 
relationships among metamorphism, 
fl uid composition, and fl uid fl ow, and 
the mechanisms of deformation in the 
crust
11 Stephen Self, for his fundamental 
work in understanding the mechanisms 
and consequences of explosive and 
 effusive eruptions
1 2 3 4 5 6
7 8 9 10 11
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fi eld generally involves little sample preparation beyond the removal 
of a weathered surface or the digging of a trench to reach a target 
soil horizon. There are some obvious advantages associated with such 
portable technology:
  Data are obtained in real time within a period of a minute or two (no 
need to collect samples, submit them for analysis, and wait for results).
  Data are collected in situ (effectively eliminating laboratory blank 
problems).
  The method is by its very nature nondestructive (of critical importance 
for rare samples, such as cultural heritage objects).
For an in-depth review of pXRF technology, I point the reader to a tome 
edited by Potts and West (2008) on this subject.
Technological advances both in the generation of the excitation X-rays 
as well as the quantifi cation of the resulting fl uorescence spectra have 
greatly encouraged the uptake of pXRF technology. Miniaturized X-ray 
tubes, providing adequate brightness while remaining compatible with 
battery-derived power, have supplanted earlier radioactive X-ray sources. 
Perhaps more important has been the development of Si(PIN) detectors, 
now commonly supplanted by silicon drift detectors, these having obvi-
ated the need for cumbersome cryostats, which were required in the 
early years. New features, including touch-screen color displays, wireless 
data transfer, advanced factory software for spectral deconvolution, 
and automated integration of Bluetooth-delivered GPS data, have all 
contributed to the interest in this technology. Instrument manufac-
turers have developed both handheld and portable benchtop models 
to satisfy diverse user demands (FIG. 2A, B). Such rapid developments in 
both analytical capabilities and user friendliness point towards pXRF 
becoming a fundamental tool in a very broad range of fi elds, including:
  mineral prospecting by fi eld geologists
  ore-grade evaluation at processing plants
  site contamination and remediation surveys
  art and cultural heritage fi ngerprinting
  metal recycling, scrap sorting, and precious metal assaying
Regardless of the rapid growth in utilization, a nagging question 
remains: how well do pXRF data fi t the real-world needs of the geosci-
ence community? A recent study addressing this issue was published by 
Kenna et al. (2011), who compared pXRF data to the “true” concentra-
tion values for a suite of sediment and soil reference materials (RMs). 
Although they did report examples of signifi cant drift in instrument 
FIELD-PORTABLE XRF: 
A GEOCHEMIST’S DREAM?
Recalling back several decades to my undergraduate fi eld training, 
high-tech involved a Brunton compass, black-and-white air photos, 
and perhaps dragging a theodolite over the mountains of northwestern 
Wyoming. Well, technology has certainly brought much change in the 
methods geologists use for collecting and interpreting data in the fi eld. 
GPS location determinations, GIS software run on “ruggedized” tablet 
computers, and easy access to satellite images represent some of the 
more obvious advances in the fi eld geologist’s toolkit. One technology 
that many readers might not be so familiar with is the fi eld-portable 
X-ray fl uorescence (pXRF) device, an analytical tool that has experi-
enced rapid uptake in recent years. Such devices weigh only a couple of 
kilograms, can rapidly quantify most elements heavier than aluminum, 
and often provide limits of detection reaching the low micrograms/
gram range (FIG. 1).
A few years back, my interest in pXRF technology was piqued by sto-
ries of hordes of workers being dispatched to survey entire tropical 
river basins. The strategy was to systematically survey the entire length 
of each and every tributary, with the hope of fi nding a geochemical 
anomaly in the river sediments that might reveal some previously 
unknown natural treasure. Often anomalies will be on the scale of a 
few tens of micrograms/gram of some high-value element, whereas read-
ings from elsewhere remain “below the detection limit.” This strategy 
obviously leads to concerns about the robustness of the data from such 
handheld devices. Could a false positive result in large expenditures 
for acquiring prospecting claims where no economic resource exists? 
Could a false negative lead to a valuable resource being overlooked?
Portable XRF devices have existed for well over a decade—early reviews 
by Potts et al. (1995) and Argyraki et al. (1997) are worth consulting. 
Such fi eld-portable devices work on the same, well-established principles 
as larger, laboratory-size instruments. Basically, a sample is excited by 
primary X-rays, which cause it to fl uoresce at characteristic wavelengths, 
the intensity of a given spectral line being roughly proportional to the 
concentration of the corresponding element in the target. In the case of 
portable devices, data are acquired using an energy-dispersive detector, 
and it is not uncommon that low-intensity lines are signifi cantly over-
lapped by high-intensity spectral peaks with similar wavelengths. 
Obviously such overlaps must be corrected for. The pXRF approach 
differs from lab-based hardware not only in the size of the apparatus 
but also by the fact that the analysis of geochemical samples in the 
FIGURE 1 Example of a pXRF instrument being used to investigate the chemical composition of a soil profi le. The quantitative results are reported on 
the instrument’s display. IMAGE COURTESY OF GWENDY HALL, GEOLOGICAL SURVEY OF CANADA
FIGURE 2 (A) Portable XRF instrument mounted under a table for on-site chemical analysis of drill core samples. IMAGE COURTESY OF GWENDY HALL 
(B) Handheld device being used to survey soil contamination at a former industrial 
site. IMAGE COURTESY OF M. H. RAMSEY, UNIVERSITY OF SUSSEX
A B
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sensitivity as a function of time, these authors found reasonably good 
agreement between the pXRF data for 31 elements and the established 
values for the 10 RMs they studied.
A good understanding of the performance parameters of pXRF instru-
mentation is of crucial importance to the mining industry. For this 
reason, the Canadian Mining Industry Research Organization (CAMIRO) 
sponsored a study, funded by 31 companies involved in the mining 
sector, with the goal of establishing empirical performance parameters 
for pXRF technology (Hall et al. 2011). With its 171-page report and 
equally voluminous material in the fi ve appendices, the CAMIRO Phase 
I study provides an amazingly detailed picture of what one can expect 
from pXRF instrumentation. Hall et al. (2011) looked at fi ve devices 
that had been provided by instrument manufacturers, including three 
handheld instruments and two portable benchtop models. Each of 
these units was used to analyze 41 well-characterized RMs spanning 
a spectrum of compositions as diverse as soils, stream sediments, gab-
bros, and even pitchblende ore. Concentration data were recorded for 
all elements that a given instrument reported (typically around 45 or 
50 elements per analysis), and this exercise was conducted using both 
the “soil” and the “ore” factory-set calibrations provided by each of 
the instruments. The 
pXRF data sets were 
plotted against the 
“assigned” concen-
tration values for the 
given material, and 
each of these plots 
was evaluated for 
slope, intercept, and 
the r2-defi ned scatter 
of the data from the 
best-f it regression 
(FIG. 3A, B).
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FIGURE 3 Examples of data plots from the CAMIRO Phase I study. (A) Potassium determined using “Handheld A” operating in mining mode. The data 
show very good correlation, but the slope indicates a systematic offset by a factor 
of 3.6. (B) Niobium determined by “Benchtop A” operated in soil mode. The data 
show reasonable correlation but there are major analytical uncertainties beyond 
what would be predicted by the observed repeatability of the measurement, as 
indicated by the vertical error bars. The colors identify different material types.
Not surprisingly, the instruments provided varying degrees of data 
quality. No single instrument was found to provide consistently supe-
rior data across the range of rock types and elements. The benchtop 
and handheld models were not found to systematically differ in their 
data quality. It was also shown that instrument drift and background 
issues need close attention, including the role of the thin foils often 
used to protect the samples. The most important conclusion was that 
relying on factory-set calibrations puts the user at risk of unreliable, 
or even systematically wrong data. The CAMIRO report recommended 
that users pay close attention to the need to recalibrate their pXRF 
instrument using well-characterized RMs. Such calibration sets are now 
becoming available from RM providers, and these need to be used if the 
user wants accurate data (FIG. 4); using them should lead to signifi cantly 
improved data quality.
The CAMIRO Phase I report will soon appear at www.appliedgeochem-
ists.org for public download. I strongly recommend this as essential 
reading to anyone interested in pXRF technology. The CAMIRO Phase II 
study is already completed—certainly, it too will provide much fas-
cinating reading when it is released to the public in August 2013. 
Michael Wiedenbeck (Michael.Wiedenbeck@gfz-potsdam.de)
Helmholtz Centre Potsdam
FIGURE 4 An example of a suite of reference materials for fi eld calibration of pXRF devices. Each packet contains six plastic wells, each of which 
contains a pressed powder disk made from a certifi ed reference material; each disk is 
covered by a thin plastic foil to make it suitable for rugged fi eld conditions. IMAGE 
COURTESY OF MIKE MCWHA, AFRICAN MINERAL STANDARDS 
A
B
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